The ribbon synapse can release a stream of transmitter quanta at very high rates. Although the ribbon tethers numerous vesicles near the presynaptic membrane, most of the tethered vesicles are held at a considerable distance from the plasma membrane. Therefore, it remains unclear how their contents are released. We evoked prolonged bouts of exocytosis from a retinal bipolar cell, fixed within seconds, and then studied the ribbons by electron microscopy. Vesicle density on ribbons was reduced by ϳ50% compared with cells where exocytosis was blocked with intracellular ATP-␥S. Large, irregularly shaped vesicles appeared on the ribbon in cells fixed during repetitive stimulation of exocytosis, and in some cases the large vesicles could be traced in adjacent sections to cisternae open to the medium. The large cisternal structures were attached to the ribbon by filaments similar to those that tether synaptic vesicles to the ribbon, and they occupied the base of the ribbon near the plasma membrane, where normal synaptic vesicles are found in resting cells. We suggest that the cisternae attached to ribbons represent synaptic vesicles that fused by compound exocytosis during strong repetitive stimulation and, thus, that vesicles tethered to the ribbon can empty their contents by fusing to other vesicles docked at the presynaptic membrane. Such compound fusion could explain the extremely high release rates and the multivesicular release reported for auditory and visual ribbon synapses.
Introduction
Synaptic ribbons support high rates of continuous neurotransmitter release by tethering a large pool of releasable vesicles near the membrane at the active zone (Sterling and Matthews, 2005) . But how does this arrangement facilitate release? The ribbon is generally thought to act as a conveyor belt that shuttles tethered vesicles toward fusion at the plasma membrane. Alternatively, the ribbon might simply hold vesicles near each other to promote compound fusion (where each vesicle fuses with an already fused vesicle, causing a wave of exocytosis to sweep up the ribbon) (Parsons and Sterling, 2003) . This would deplete vesicles on the ribbon and leave infoldings of nearby plasma membrane, as has been observed near ribbons of tonically depolarized hair cells (Lenzi et al., 2002) and rods (Rao-Mirotznik et al., 1995) . These infoldings could be interpreted as endocytic structures arising from bulk retrieval of individually fused vesicles; however, as Lenzi et al. (2002) pointed out, they could also represent vesicles coalesced by compound fusion. Such a mechanism might also explain the synchronous multivesicular release observed in postsynaptic recordings at the hair cell and the rod bipolar synapse (Glowatzki and Fuchs, 2002; Singer et al., 2004) .
We further investigated this problem in retinal bipolar cells by evoking long bouts of vesicle fusion, then fixing within seconds and studying the ribbons by electron microscopy. To control for vesicles released during fixation, we compared with cells with exocytosis blocked by dialysis with ATP-␥S. Because the releasable vesicle pool estimated by electrophysiology matches the number of vesicles tethered to synaptic ribbons in retinal bipolar cells (von Gersdorff et al., 1996) , depleting the pool should deplete vesicles from the ribbons, as has been observed at hair cell synapses (Lenzi et al., 2002) . Indeed, Holt et al. (2004) observed depletion of vesicles docked at the plasma membrane after prolonged stimulation of retinal bipolar cells, but they found no change in the total number of tethered vesicles. Now, using different stimuli from Holt et al. (2004) , we do find a significant reduction in the overall number of vesicles attached to ribbons in stimulated cells. Moreover, some of the attached vesicles were larger than in quiescent cells, and in terminals fixed during repetitive stimulation, large cisternae occupied the base of the ribbon and appeared to connect to both the ribbon and the extracellular space. The larger vesicles and large cisternae may arise from fusion of vesicles with other vesicles at ribbon synapses, which in turn suggests that the ribbon may achieve high release rates by facilitating such compound fusion.
Materials and Methods
Single large-terminal bipolar neurons were isolated from goldfish retina by mechanical trituration after enzymatic digestion (Heidelberger and Matthews, 1992) . The external solution consisted of (in mM) 115 NaCl, 2.5 KCl, 1.6 MgCl 2 , 2.5 CaCl 2 , 10 glucose, and 10 HEPES, pH 7.4. For the measurement of [Ca 2ϩ ] i , cells were incubated for 8 -10 min in a solution containing 5 M fura-2 AM (Invitrogen), followed by 25 min in fura-free solution. [Ca 2ϩ ] i was calculated from the ratio of the emitted light at two excitation wavelengths as detailed by Heidelberger and Matthews (1992) .
Activity was monitored by means of the changes in calcium in the synaptic terminal, initiated by spontaneous calcium action potentials. In some experiments, cells were instead stimulated by local superfusion with high-potassium solution (80 mM KCl, replacing NaCl) applied via an application pipette placed under visual control near the terminal, and the application was terminated by removing the application pipette as soon as calcium was observed to increase (application duration ϳ1 s). In other experiments, single isolated terminals were maintained under voltage-clamp using a whole-terminal patch pipette and stimulated with 250-ms voltage pulses from Ϫ60 to 0 mV while monitoring membrane capacitance (Heidelberger et al., 2002) .
For electron microscopy, a bipolar neuron or isolated bipolar cell synaptic terminal attached to a film of Aclar was recorded using fura-2 imaging or whole-cell patch clamp and then fixed by local superfusion with 2.5% paraformaldehyde plus 2.5% glutaraldehyde in 0.1 M phosphate buffer from an application pipette with a tip diameter of ϳ20 m that was placed within 15 m of the cell. After 10 -30 s, the bath fluid was replaced with fixative, a rectangular mark was etched into the Aclar film around the recorded cell using the superfusion pipette, and the dish was placed at 4°C overnight. Cells were then additionally fixed in 1% OsO 4 plus 1.5% K ferrocyanide in 0.1 M phosphate buffer, dehydrated, and embedded in Embed 812. The embedded sample was peeled from the Aclar film, glued to an Epon blank, and sectioned serially at ϳ90 nm. The rectangular mark etched into the Aclar after recording left a corresponding mark in the cured embedding medium to guide sectioning. Sequences of 5-10 sections were mounted on Formvar-coated slot grids, stained in methanolic uranyl and lead, and then photographed in an electron microscope (80 -120 kV) at 10,000 -120,000ϫ. In some cases, photos were acquired with the specimen tilted Ϯ30°, in 10°increments, to provide stereoscopic images. To construct stereo pairs, an image at the tilt angle that provided the best view of the object of interest was selected, and an image separated by 20°was used for the other member of the pair. Photos or negatives were digitized and analyzed using NIH ImageJ or Adobe Photoshop 7.0 (Adobe Systems) software. Diameters of vesicles were measured using ImageJ by taking the length of a line drawn across the widest point of the vesicle, from midpoint to midpoint of the membrane profile. For analysis of large pleomorphic vesicles (see Fig. 7E ), the surface area of ribbon-attached structures was determined using the area of a polygon drawn around the perimeter.
Results

Stimulation reduced the number of vesicles attached to ribbons
To trigger exocytosis, a bipolar cell terminal was stimulated using spontaneously occurring calcium action potentials (Zenisek and Matthews, 1998) , voltage-clamp depolarization under whole-cell patch clamp, or a puff of high external potassium applied through an application pipette placed near the cell. Figure 1 A shows a cell that fired a series of calcium action potentials, each of which produced a rise in intraterminal [Ca 2ϩ ] i measured using fluorescence of fura-2. The cell was then fixed a few seconds after the last calcium spike by placing an application pipette containing fixative near the terminal. For comparison, unstimulated bipolar cells like that illustrated in Figure 1 B were obtained by incubation with 5 M muscimol, which strongly activates GABA A chloride conductance and prevents calcium spikes (Paillart et al., 2003) .
Examples of synaptic ribbons from stimulated and unstimulated bipolar cells are shown in Figure 2 , A and B, respectively. Qualitatively, visual inspection of the examples suggests that fewer synaptic vesicles were attached to ribbons of stimulated cells, an impression that was confirmed by counting the number of tethered vesicles in single thin sections at 70 ribbons in eight unstimulated terminals and at 38 ribbons in four stimulated terminals (Fig. 2 D) . In unstimulated cells, an average of 15.8 Ϯ 0.5 vesicles (mean Ϯ SEM) were attached to ribbons, which is significantly greater than the 11.7 Ϯ 0.6 attached vesicles/ribbon in stimulated cells ( p Ͻ 10 Ϫ6 ). The depletion associated with stimulation was specific for vesicles tethered to ribbons, because the number of vesicles immediately surrounding the tethered group, but not attached, was similar in both conditions ("nontethered" vesicles) (Fig. 2 D) . This differs from the depletion of surrounding vesicles reported by Lenzi et al. (2002) at hair-cell synaptic bodies after prolonged depolarization; however, as discussed below, this vesicle population may already have been somewhat depleted even in the unstimulated cells.
ATP-␥S blocked release associated with fixation
We were concerned that calcium influx during fixation (Fig. 1 B) might release neurotransmitter from the unstimulated cells, reducing the apparent difference between stimulated and unstimulated ribbons. For instance, aldehyde fixation evokes release of acetylcholine from motor nerve terminals, revealed by miniature end-plate potentials in the postsynaptic muscle cell (Smith and Reese, 1980) . To minimize fixation-induced release, we prepared a set of cells that were fixed after dialysis with ATP-␥S through a whole-cell patch pipette, a treatment that inhibits vesicle priming and abolishes depolarization-triggered exocytosis in bipolar cell terminals (Heidelberger et al., 2002) . Figure 2C shows examples of ribbons and associated vesicles in these cells, which had significantly more vesicles tethered to ribbons. In cells treated with ATP-␥S, the number of vesicles attached to ribbons in single thin sections averaged 20.4 Ϯ 0.7 (mean Ϯ SEM; 37 ribbons in six cells), which was significantly greater ( p Ͻ 10 Ϫ5 ) than in unstimulated terminals fixed without ATP-␥S. As shown in Figure  2 D, the number of nontethered vesicles surrounding the group attached to ribbons was also significantly higher ( p Ͻ 10 Ϫ5 ) in cells dialyzed with ATP-␥S compared with unstimulated and stimulated terminals. Therefore, inhibition of vesicle priming prevents depletion of both ribbon-tethered vesicles and the surrounding nontethered vesicles during aldehyde fixation.
Stimulation decreased vesicle density on ribbons
Synaptic ribbons vary somewhat in size and shape ( Fig. 2) , which influences the number of tethered vesicles they could accommodate. To control for this variation, we divided the number of attached vesicles by the measured perimeter of each ribbon to obtain vesicle densities for each condition (Fig. 2 E) . The pattern resembles that from raw vesicle counts: lowest density for stimulated cells, intermediate for unstimulated cells, and highest density for cells dialyzed with ATP-␥S. All differences were highly statistically significant. Vesicles density on ribbons in stimulated cells was about half of that in cells dialyzed with ATP-␥S. We take this as a lower bound for the stimulationinduced depletion of vesicles from the ribbon (see Discussion).
Stimulation increased the number of large vesicles attached to ribbons
In the course of these experiments, we noted that some vesicles tethered to ribbons were unusually large (Fig. 3A) . Furthermore, the large vesicles seemed more prevalent in stimulated cells. To quantify this impression, we measured the diameter of all vesicles attached to ribbons in unstimulated cells, in cells fixed within 10 s after stimulation, and in cells dialyzed with ATP-␥S. In the latter cells, the distribution of diameters for ribbon-tethered vesicles was fitted by a Gaussian function with a mean of 30.3 nm and SD of 3.7 nm, similar to the previously reported average size of unattached synaptic vesicles in goldfish bipolar neurons (von Gersdorff et al., 1996) . No unusually large vesicles were tethered to ribbons in ATP-␥S cells: only 0.26 Ϯ 0.16% (mean Ϯ SEM; n ϭ 6) of attached vesicles had diameters Ͼ41 nm, in keeping with the 0.2% expected for a Gaussian distribution with mean and SD of 30.3 and 3.7 nm, respectively.
In stimulated cells and in unstimulated cells fixed without ATP-␥S, the main peaks of the vesicle diameter distributions were no different from the ATP-␥S cells, being fitted respectively by Gaussian functions with means of 30.7 Ϯ 4.4 and 30.5 Ϯ 3.7 nm (Fig. 3 B, C ) (Gaussians were fitted to the histogram values on the negative side of the peak, and then reflected about the mean to generate the positive tail). Therefore, the size range of normal synaptic vesicles attached to ribbons is apparently the same in all three conditions. However, unlike the finding with ATP-␥S cells, more large vesicles were observed attached to ribbons in both stimulated and unstimulated cells than expected from the Gaussians fitted to the main peak of the histogram (Fig. 3 B, C) . Furthermore, stimulation significantly increased the proportion of these unusually large tethered vesicles. In eight stimulated cells, 5.6 Ϯ 0.8% of attached synaptic vesicles were Ͼ41 nm in diameter, compared Figure 2 . Calcium spiking reduced the number of synaptic vesicles on the ribbon. A, Stimulated cells were fixed within 5 s after a spike. B, Calcium action potentials were blocked with muscimol, but fixation probably caused some exocytosis. C, Exocytosis was blocked by substituting ATP-␥S for ATP in the patch pipette in whole-cell recordings. The scale bar in B applies to all panels. D, Average number of vesicles (in single thin sections) tethered to a ribbon (gray) and average number in the ring of nontethered vesicles (white) surrounding the tethered vesicles. E, Two-dimensional density of vesicles attached to a ribbon in single thin sections (number of vesicles divided by ribbon perimeter; note that this measure is not expressed relative to maximum packing density) (Lenzi et al., 2002) . Error bars show Ϯ1 SEM. with 1.6 Ϯ 0.5% in nine unstimulated terminals ( p ϭ 0.001 by two-tailed t test). This 3.5-fold increase in large, ribbon-attached vesicles after stimulation is reflected in the cumulative distributions of vesicle diameter for the stimulated and unstimulated cells (Fig. 3D) . The difference between the distributions for stimulated and unstimulated cells is highly significant ( p Ͻ 0.0001; 2 ϭ 20.05; df ϭ 2; Kolmogorov-Smirnov two-sample test using 2 approximation for large samples) (Siegel, 1956) . Figure 3E shows the size distribution of the subset of vesicles Ն45 nm in diameter that were attached to synaptic ribbons in stimulated and unstimulated cells. This diameter was selected because no vesicles are projected in this size range from Gaussians fitted to the main peaks (Fig. 3 B, C, solid lines) . As expected from the fact that a single Gaussian function fits the distribution of vesicle diameters in the presence of ATP-␥S, no vesicles Ն45 nm in diameter were observed in these cells; therefore, no data are shown for the ATP-␥S cells in Figure 3E . Ribbons in cells fixed soon after stimulation clearly had more of these large vesicles than ribbons in unstimulated cells, including some with diameters exceeding 100 nm. Similar large vesicles have also been observed previously on photoreceptor ribbons [Schaeffer and Raviola (1978) , their Fig. 7] .
The large, ribbon-tethered vesicles that appear after stimulation might reflect vesicles that arose from endosomes during membrane retrieval, or they might reflect fusion of two or more normal-size vesicles with each other, i.e., compound fusion (Parsons and . The median size of the large subgroup of vesicles was 48 nm, or ϳ1.5 times the diameter of normal vesicles. This median diameter is approximately consistent with fusion of two normal vesicles, which would be expected to produce an object with a diameter ͌2 larger than normal, if they fused completely to form a spherical vesicle.
By occupying more space on the ribbon than normal-size vesicles, the large vesicles that appear after stimulation would be expected to contribute to the stimulation-dependent decrease in vesicle density on ribbons discussed previously (Fig. 2) . However, the large vesicles represent ϳ6% of the total population of ribbon-associated vesicles, and their average size is such that they would occupy only slightly more space on ribbons than 30 nm vesicles. Therefore, the large vesicles could account for only a small part of the stimulation-induced depletion of vesicles at ribbons.
After stimulation, some tethered vesicles connect to cisternae open to the medium In addition to large vesicles, we also observed frank infoldings of the plasma membrane associated with ribbons in terminals fixed within 5 s after spontaneous calcium spikes, exemplified in Figure  4 . The successive sections in Figure 4 A show a ferritin-labeled invagination (Fig. 4 A1) that in the next section (A2) connects to the ribbon via filaments similar to those that attach synaptic vesicles to the ribbon surface. Figure 4 B shows a large vesicle devoid of ferritin near the base of a ribbon, connected to the ferritinlabeled plasma membrane by a thin neck. A large, complex invagination associated with a ribbon is illustrated in Figure 4C . In three terminals fixed Ͻ5 s after a calcium spike, 57% of ribbons (12 of 21) showed infoldings or invaginations of the plasma membrane at the base of the ribbon, but similar structures were observed at only 11% of ribbons (3 of 28) in unstimulated terminals ( p Ͻ 0.001, Fisher exact probability test). The presence of such invaginations and cisternae after stimulation has been reported previously in synapses of hair cells (Lenzi et most of these presumed endocytic structures in the previous studies were not associated with ribbons. Here, we focus on cisternae that are immediately adjacent to ribbons and in some cases directly attached to the surface of the ribbon via filaments.
To learn more about the origin of the large membrane structures associated with the base of ribbons, we fixed bipolar cell synaptic terminals during a series of voltage-clamp depolarizations, while monitoring membrane capacitance as an index of exocytosis and endocytosis. In goldfish bipolar cell terminals, endocytosis after strong stimulation is delayed after stimulation ceases, as revealed by both capacitance measurements and uptake of FM dye (von Gersdorff and Matthews, 1994; Heidelberger, 2001; Rouze and Schwartz, 1998) . Also, measurements of glutamate release demonstrate that exocytosis in goldfish bipolar cell terminals ceases rapidly after termination of depolarization (von Gersdorff et al., 1998) , which confirms that the plateau of capacitance after strong stimulation reflects absence of endocytosis and not balance of ongoing release and retrieval (Matthews, 1998) . Therefore, by monitoring membrane capacitance under voltage clamp and fixing synaptic terminals under conditions unfavorable for endocytosis, we could obtain evidence about whether the large vesicles on the ribbon arise from exocytosis or endocytosis. Figure 5 shows examples of synaptic ribbons under these conditions in a bipolar terminal fixed by local superfusion of fixative during a series of 250 ms voltage-clamp pulses from Ϫ60 to 0 mV, Figure 4 . Membrane structures associated with the base of the ribbon in stimulated synaptic terminals. A, Two sequential sections through a synaptic ribbon in terminal stimulated in the presence of external cationized ferritin, which decorates the plasma membrane and part of a large invagination (thick arrows). The membrane of the invagination closely associates with the ribbon (r) at contact points indicated by thin arrows. Filamentous tethers similar to those that attach vesicles connect the membrane structure to the ribbon (section 2, thin arrow). B, A synaptic ribbon in another terminal stimulated in the presence of cationized ferritin, with an unlabeled membrane-bound structure (arrow) connected to the extracellular space via a thin neck. C, A synaptic ribbon in a stimulated terminal, with an irregular membrane structure (arrow) associated with the side of the ribbon. Other ferritin-labeled structures visible within the cytoplasm in B and C may represent internalized membrane resulting from previous bouts of exocytosis, because the cells were fixed within 5 s after the last of a series of several spontaneous calcium spikes. Figure 5 . Synaptic ribbons in a bipolar neuron synaptic terminal fixed during repetitive stimulation. A, Membrane capacitance increased during a series of 250 ms depolarizing voltage-clamp pulses. Fixative was applied at the arrow. Baseline capacitance before stimulation was ϳ2.7 pF. Because of fixation-induced increase in membrane conductance, the capacitance values (gray box) after application of the fixative are unreliable. B, C, Ribbons in sections parallel to the "footprint" of the terminal on the substrate (section thickness ϳ90 nm). Images are stereo pairs obtained by manually tilting the section. Black arrows indicate examples of large, pleomorphic membranous structures that are contacted by electron-dense filaments (white arrowheads) connecting to the surface of the ribbon. The bottom pair of images in each panel is a higher magnification view of the region containing the bridging filaments. In B, the contrast of the filaments in the higher-magnification image was digitally enhanced using Adobe Photoshop 7.0. Scale bars, 100 nm. The dots in each stereo pair are registration marks to assist in obtaining the stereoscopic depth effect without stereo goggles (to do so, view the figure from a distance of ϳ40 cm and alter the convergence of your eyes so that the left and right dots superimpose).
delivered at 1/s. The evoked change in membrane capacitance neared a plateau by the time of fixation (Fig. 5A, arrow) . We then examined electron micrographs of thin sections taken parallel to the Aclar substrate, at the attachment footprint of the terminal. We chose this orientation because the flattened surface of the terminal at the footprint allows observation of several ribbons in the same plane and, most importantly, because the filaments that attach vesicles to ribbons are more clearly visible in this orientation than in the more conventional plane of section perpendicular to the plasma membrane.
In the first section contained entirely within the terminal (that is, not including part of the substrate), numerous large, pleomorphic membranous structures were associated with synaptic ribbons (Fig. 5 B, C , black arrows). In some cases, these were attached to the ribbon by filamentous tethers similar to those that connect normal vesicles to ribbons (Figs. 5 B, C, white arrowheads). In stereoscopic views, provided by tilting the section, the large structures appeared to extend through the section depth. Therefore, we followed them in the next section into the substrate, which included the plasma membrane, to determine if they extended to the membrane itself. Figure 6 shows the membrane attachment sites of the ribbons of Figure 5 , B and C, with arrows indicating the same pleomorphic structures that were observed to be tethered to the ribbon in the deeper section. The section thickness was ϳ90 nm, so the large structures extend up the surface of the ribbon Ͼ100 nm from the plasma membrane.
In the plane that included the plasma membrane, the membrane delimiting the large structures was not visible around the entire perimeter, giving them a horseshoe-like appearance. This is consistent with merging of the two membranes, suggesting that the pleomorphic structures we found to be attached to the ribbon in the deeper section are also continuous with the plasma membrane and therefore open to the extracellular space. To examine this possibility more closely, we turned to transverse sections, perpendicular to the plasma membrane, taken deeper into the terminal in the same stimulated cells. This plane of section complements the information from the plane parallel to the membrane by providing a direct view of membrane invaginations. Consecutive sections through a repetitively stimulated ribbon are shown in Figure 7A -D. Large invaginations occupied the region nearest the plasma membrane next to the ribbon, consistent with the pattern shown previously in Figures 5 and 6 , and the continuity of the invaginations with the extracellular space is readily apparent (Fig. 7A, arrows) .
We quantified the prevalence of the large pleomorphic structures by outlining and measuring the area of each ribbonassociated object, both normal vesicles and larger structures, in sections at the attachment footprint of two terminals fixed during ongoing stimulation and one control terminal dialyzed with ATP-␥S. Figure 7E shows the results. At the base of the ribbon (near the plasma membrane), objects with areas Ͼ2000 nm 2 (range 2120 -12,500 nm 2 ) accounted for 17% of ribbonassociated membranous structures in the stimulated terminals, with the remainder being conventional synaptic vesicles. At the top of the ribbon (sections deeper into the terminal), we found only conventional synaptic vesicles. Few invaginations or pleomorphic structures were observed near ribbons in the presence of ATP-␥S. Thus, invaginating structures (1) are markedly increased during repetitive stimulation, (2) are attached to the ribbon by tethers resembling those of synaptic vesicles, and (3) occupy the base of the ribbon nearest the plasma membrane, with which at least some of them are continuous.
Because these cistern-like structures connect to the ribbon at positions that are occupied in resting terminals by synaptic vesicles, we consider it likely that they arose from fusion of these vesicles during repetitive stimulation. In this view, therefore, they are products of exocytosis. Similar pleomorphic cisternae in the vicinity of the ribbon but not attached to it (Fig. 5C ) may be the products of earlier rounds of multivesicular fusion that had detached from the ribbon but had not yet undergone endocytic recycling. We suggest that these large, irregular cisternae are in fact synaptic vesicles that underwent compound exocytosis while attached to the ribbon.
Discussion
Compound exocytosis: the smoking gun? A hallmark of the synaptic ribbon is its ability to fuse synaptic vesicles rapidly (Heidelberger et al., 2005 ; Prescott and Zenisek, Figure 6 . Cisternae connected to synaptic ribbons may connect with the plasma membrane. A, B, Images are stereo pairs obtained by manually tilting a section parallel to the plasma membrane, taken at the plane of attachment of the membrane with the Aclar substrate. Because the 90 nm section at this position includes the substrate, plasma membrane, and a thin layer of cytoplasm, the native contrast was low, and the images are therefore grainy after contrast enhancement using the autocontrast function of Adobe Photoshop 7.0. A and B show the same ribbons illustrated in Figure 5 , B and C, respectively. Black arrows indicate the continuation of the same membrane structures marked by arrows in Figure 5 . Dots are registration marks for stereoscopic viewing. Scale bars, 100 nm.
2005; Thoreson, 2007) . For example, a ribbon in a dissociated bipolar neuron, when strongly depolarized, can fuse ϳ500 vesicles s Ϫ1 (von Gersdorff et al., 1996) , and similar rates were found in auditory hair cells (Parsons et al. 1994) . Even more startling, when calcium is instantaneously raised by flash photolysis, release can reach Ͼ10 6 vesicles s Ϫ1 in the terminal as a whole (Heidelberger et al., 1994) . The latter result has been deeply puzzling because it is far too fast for vesicles to reach the cell membrane by diffusion. This puzzle would be solved if release of caged calcium rapidly taps vesicles docked at the plasma membrane both at the ribbon and at distant sites where release does not normally occur. However, cross-depletion experiments show that depleting the vesicle pool released by depolarization, likely those at ribbons where calcium channels are located, also abolishes the response to flash photolysis of caged calcium (Heidelberger, 1998) . So the puzzle remained as to how ribbons are able to release their vesicles so rapidly.
Presynaptic capacitance measurements in hair cells show that the elementary fusion events are considerably larger than expected for single vesicles (Neef et al., 2007) , which suggests that the synaptic ribbon is able to coordinate nearly simultaneous fusion of multiple vesicles. Ribbons in intact circuits also release multiple vesicles simultaneously from hair cells (Glowatzki and Fuchs, 2002) and rod bipolar neurons (Singer et al., 2004) . These latter observations of multivesicular release derive from postsynaptic recordings, which also show that several vesicles released together do not saturate the postsynaptic receptors. Thus, multivesicular release seems to occur at ribbon synapses and can be functionally significant.
One mechanism postulated to explain the puzzling characteristics of release at ribbons, including multivesicular release, is "compound fusion," in which vesicles fuse with other vesicles either sequentially in a wave that advances rapidly up the ribbon (Parsons and Sterling, 2003) , or by coalescence of two or more vesicles before fusion with the plasma membrane (Singer et al., 2004) . This mechanism could empty multiple vesicles without requiring them to move to the presynaptic membrane. Compound fusion has been observed optically in non-neural cells (Alvarez de Toledo and Fernandez, 1990; Leung et al., 2002; Chen et al., 2005; Kishimoto et al., 2006; Pickett and Edwardson, 2006) ; however, the single fact of temporally coincident fusion observed electrophysiologically at the ribbon synapse does not establish the mechanism. In short, at the ribbon, there was a "motive" (speed) and a "body" (multivesicular release), but no "smoking gun" (high-resolution images of multiply fused vesicles on the ribbon promptly following a bout of exocytosis). We suggest that the large membrane structures tethered to ribbons in our experiments represent that smoking gun.
If compound fusion were the mechanism underlying multivesicular release, there should be (1) fewer vesicles attached to the ribbon, (2) more large vesicles because of their coalescence, and (3) continuity between the lumen of vesicles attached to the ribbon and the extracellular space. Indeed, prolonged bouts of vesicle release reduced vesicle density on ribbons by ϳ50%, compared with cells with exocytosis blocked by dialysis with ATP-␥S (Fig. 2 E) . This represents a lower bound for the actual degree of vesicle depletion from ribbons because the time between stimulation and effective fixation might have allowed some recovery. Holt et al. (2004) also reported that bipolar cells fixed within seconds after prolonged depolarization had fewer vesicles docked at the presynaptic membrane, but no change in the total number of vesicles on the ribbon. This difference from our result might arise from different stimulus conditions. We used spontaneous Figure 7 . Serial sections through a synaptic ribbon in a bipolar neuron synaptic terminal fixed during repetitive stimulation show that pleomorphic membrane structures are continuous with the extracellular space. A, A section in a plane perpendicular to the plasma membrane, at the edge of the ribbon, which is seen in subsequent sections in B-D. Images in A are a stereo pair obtained by manually tilting the section. In addition to a cluster of synaptic vesicles at the cytoplasmic end of the ribbon, pleomorphic structures like those shown in Figures 5 and 6 were located at the base of the ribbon, nearest the plasma membrane. In this plane, at least two of the large ribbon-associated structures connect with the extracellular space (arrows). B, C, Images from the next two serial sections, showing the ribbon itself with associated synaptic vesicles. D, The next section, at the other edge of the ribbon, shows a cluster of vesicles distal from the plasma membrane and a pleomorphic structure (thin arrow) near the plasma membrane. E, Histograms of the size of ribbon-associated membranous structures in sections parallel to the Aclar substrate at the attachment point of the synaptic terminal. Stimulated terminals were fixed during stimulation with 250 ms voltage-clamp pulses at 1/s, as in Figure 5A . "Ribbon base" refers to the section nearest the plasma membrane, and "ribbon top" refers to data from a section deeper into the terminal, at the cytoplasmic end of the ribbon. The control terminal was dialyzed with ATP-␥S to block neurotransmitter release. Because of the irregular shape of the pleomorphic structures, size was measured by outlining the perimeter of each object and measuring the enclosed area using ImageJ.
